Several animal studies indicate that mercury is a male reproductive toxicant, but human studies are few and contradictory. We examined semen characteristics and serum levels of reproductive hormones in relation to environmental exposure to mercury. Blood and semen samples were collected from 529 male partners of pregnant women living in Greenland, Poland and Ukraine between May 2002 and February 2004. The median concentration of the total content of mercury in whole blood was 9.2 ng ml 21 in Greenland (0.2-385.8 ng ml 21 ), 1.0 ng ml 21 in Poland (0.2-6.4 ng ml 21 ) and 1.0 ng ml 21 in Ukraine (0.2-4.9 ng ml 21 ). We found a significantly positive association between the blood levels of mercury and serum concentration of inhibin B in men from Greenland (b50.074, 95% confidence interval (CI)50.021 to 0.126) and in an analysis including men from all three regions (b50.067, 95% CI50.024 to 0.110). The association may be due to beneficial effects of polyunsaturated fatty acids (PUFAs), which are contained in seafood and fish. No significant association (P.0.05) was found between blood concentrations of mercury and any of the other measured semen characteristics (semen volume, total sperm count, sperm concentration, morphology and motility) and reproductive hormones (free androgen index (FAI), follicle-stimulating hormone (FSH), luteinizing hormone (LH), testosterone and LH3testosterone) in any region. In conclusion, the findings do not provide evidence that environmental mercury exposure in Greenlandic and European men with median whole blood concentration up to 10 ng ml 21 has adverse effects on biomarkers of male reproductive health.
INTRODUCTION
Mercury is suspected to have a negative impact on male fertility. 1 The main contribution to human exposure in the general population is seafood, because the compound accumulates along the aquatic food chain. 2 Thus, mercury concentrations are higher in Arctic populations due to a diet, where seafood and marine mammals are major constituents. 3 Even though exposure to mercury is decreasing in Arctic populations, because of changes in diet, the Inuit continue to have blood mercury levels that exceed World Health Organization's (WHO) guidelines for total mercury intake of 2 mg kg 21 body weight per day and for methylmercury of 1.6 mg kg 21 body weight per week. [3] [4] [5] [6] [7] In Ukraine and Poland, blood mercury concentrations have been low and stable over a period of at least 12 years. [8] [9] [10] Nevertheless, global mercury emissions may be increasing because of burning of coal and fuel oil especially in Asia. 11 In vitro studies have shown that mercury induces DNA breaks in spermatozoa 12 and lead to decreased sperm motility, dysfunction and viability. [13] [14] [15] Reproductive toxicity of mercury has been described in several animal studies in which sperm motility, epididymal sperm count and normal sperm morphology decreased among rats, mice and monkeys after mercury exposure. [16] [17] [18] [19] [20] Human studies are few and contradictory. It has been reported that seminal fluid mercury concentrations are correlated with abnormal sperm morphology and abnormal sperm motility. 21 Furthermore, it has been observed that infertile and subfertile men have higher mercury levels than fertile men, 22 and tubular atrophy and Sertoli-cell-only syndrome has been observed among infertile patients that have been exposed to mercury. 23 Other studies have not reported male reproductive toxicity of mercury [24] [25] [26] and no studies have found an association between mercury exposure and reproductive hormones. 25, 27, 28 A limitation of most epidemiological studies is a small sample size. [21] [22] [23] [24] [25] 28 The populations are frequently infertility patients 21, 24, 25, 29 with inherent risk of biased findings 30 and the outcome measures are broad, such as fertility, subfertility, spontaneous abortions, time to pregnancy and number of children. 22, [31] [32] [33] [34] . The aim of this study was to investigate if blood concentrations of mercury (Hg) are related to semen characteristics (semen volume, total sperm count, sperm concentration, sperm morphology, sperm motility) and serum levels of reproductive hormones (folliclestimulating hormone (FSH), luteinizing hormone (LH), free androgen index (FAI), inhibin B, testosterone and LH3testosterone). The study is based on three study populations with large exposure contrasts between and within countries. It is assumed that the majority of the mercury body burden is methylmercury (MeHg), since the populations are environmentally exposed.
MATERIAL AND METHODS

Study design
Pregnant women and their male partners were consecutively recruited between May 2002 and February 2004 in three participating countries: Greenland, Poland and Ukraine. 35 In the present study, only data from the male spouses are included. The local ethical committee in all participating countries approved the study and all participants signed an informed consent.
Recruitment of study populations
The male partners were approached by health professionals in the three countries and consecutively enrolled into the semen study when their pregnant wife attended a prenatal care visit until approximately 200 men at each site had agreed to participate. All participants were born in the country and at least 18 years of age at the time of enrollment. In Warsaw, Poland, the subjects were contacted at an outpatient clinic of the Gynaecological and Obstetric Hospital of the Warsaw School of Medicine or at physicians at a collaborating hospital from September 2002 through March 2004 (participation rate 197/690, 28.6%). In Kharkiv, Ukraine, the males were approached at three maternity hospitals and eight antenatal clinics, respectively from April 2003 through February 2004 (participation rate 208/640, 33.5%). In Greenland, 256 male spouses from 4 settlements and 15 municipalities were asked to participate in the semen study at the local hospital or health clinic in June 2002 through May 2004. The participation rate in Greenland was 77.7% (199/256). In total 604 men agreed to participate in the semen study and the overall participation rate was 38%. Mercury was not measured in 72 men because of insufficient amount of blood left over from analysis of other xenobiotics. Furthermore, two individuals from the Ukrainian population were excluded because they were aged ,18 years and one male from Greenland was excluded due to unreliable body mass index (BMI) value (BMI,11). Thus, the final database included 529 men (194 men from Greenland, 178 men from Poland and 157 men from Ukraine, Figure 1 ).
Data collection
All sampling, interviews processing, storage and shipment of semen and blood samples were undertaken according to uniform study protocols, questionnaires and forms.
Interviews
The male interview included questions on lifestyle and occupational factors, urogenital disorders, sexual abstinence and issues regarding delivery of a semen sample. Information about smoking habits, diet, occupational exposure and alcohol consumption was obtained as well, but with reference to the period when the couple tried to become pregnant. The questionnaires were translated to the native language and back translated to English for correction of errors that occurred during the translation process. All answers in the questionnaires were typed in twice to minimize errors during the typing process. If inconsistencies occurred between the two sets of typing, the original data was looked up and the typed in data was corrected.
Mercury analysis
Blood samples were collected by venepuncture within 1 week of the semen collection, except for 116 subjects from Greenland, which had taken a blood sample up to 1 year in advance. Mercury exposure and the hormonal profile were analysed from the blood samples. The determination of total mercury (Hg) in whole blood was made in aciddigested samples by cold vapour atomic fluorescence spectrometry (PSA 10.035 Millenium Merlin 1631 system; PS Analytical, Kent, UK). The lower limit of detection (LOD) for Hg was 0.1 ng ml 36 Inhibin B levels were analysed using a specific immunometric method as previously described. 36, 37 The LOD for inhibin B was 15 ng l 21 and the total CV less than 7%. 36 FAI is defined by whole blood testosterone divided by sexual hormone-binding globulin (testosterone/sexual hormonebinding globulin). All analyses were performed at Malmö and Lund University Hospitals, Sweden.
Semen analysis
The subjects were asked to abstain from sexual activities for at least 48 h before collecting the semen sample and to report the actual abstinence time. All samples were collected by masturbation in privacy in a room at the hospital or at the residence. If the sample was collected at the residence, the sample was kept close to the body to maintain a temperature of 37 uC when transported to the hospital immediately after collection. 38 The samples were analyzed for concentration, motility and morphology according to manual for the project based on the WHO manual for basic semen analysis. 39 The samples were analyzed by one researcher in each country. The researchers were trained in a quality-control program, which was set up specifically for this study and held at the Fertility Centre, Malmö University Hospital, Sweden. The median variation among investigators in estimating sperm concentration was 8.1% and motility (grade A and B) 11%. 40 The analyses of sperm motility were performed within 95 min, and 95% of these were initiated within 60 min after ejaculation. 35 Sperm concentration was determined in duplicate using an Improved Neubauer Hemacytometer (Paul Marienfeld, BadMergentheim, Germany). 38 Sperm motility was classified in accordance with the WHO manual from 1999 by counting the proportion of fast progressive sperm (A), progressive sperm (B), nonprogressive motile sperm (C) and immotile sperm (D) among 100 spermatozoa within each of two fresh drops of semen. 39 The samples were analysed twice and the mean was estimated. The analyses for concentration and motility took place at the central hospitals in Warsaw, Poland and in Kharkiv, Ukraine, whereas the semen samples from Greenland were analyzed at local hospitals in 19 municipalities and at one settlement. 35 Evaluation of morphology according to the strict criteria was centralized and took place at the Fertility Centre, Malmö University Hospital, Sweden. Two technicians, who participated in a qualitycontrol program, stained and evaluated the morphology based on at least 200 sperm for each sample, as described by Toft et al.
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Data analysis
We examined semen characteristics and serum concentrations of reproductive hormones as a function of mercury concentration by general linear models (PROC GLM procedure) using SAS 9.13 statistical software (SAS Institute Inc, Cary, NC, USA).
In the initial analyses, we divided the exposure variable, mercury, into tertiles due to large exposure contrasts between and within the countries. The Polish and Ukrainian populations were combined to one population termed 'European men' and a model including all populations termed 'all men'. To evaluate homogeneity of exposureresponse associations across populations, interactions between populations and log of exposure were tested and none were found. Study site was included as a covariate in both combined models and P,0.05 was considered as statistically significant.
To improve normality and homogeneity of variance, the exposure and the outcome variables were transformed by the natural logarithm (ln transformed). Homogeneity of variance and normal distribution of residuals was confirmed by visual inspection of the distribution of residuals. The association between mercury exposure in tertiles and continuous, and the 11 continuous outcome variables; sperm volume, sperm concentration, total sperm count, normal sperm morphology, poor sperm motility (nonprogressive and immotile sperm combined), FAI, inhibin B, FSH, LH, testosterone and LH3testosterone were analyzed.
Crude and adjusted associations between exposure and outcomes were analyzed. In the multiple general linear models the analyses were adjusted for known and suspected determinants of the outcome variables based on information from the literature. 26, 38, [41] [42] [43] [44] [45] [46] [47] The following covariates were included: age (as a continuous variable), BMI (ln transformed continuous variable), period of sexual abstinence (days, ln transformed continuous variable), smoking (smoking at the time of conception: yes/no) and prior urogenital infections (yes/no). Alcohol consumption was excluded because of too many missing observations and lack of reliability. Time of blood sampling was not available among the Inuit population and is therefore not included in the analysis of the hormones. The analysis of sperm motility was restricted to samples analyzed within 1 h after collection (96% of the samples) and semen volume and total sperm count analyses were restricted to samples without spillage (90% of the samples). In the multiple analysis, the semen characteristics were adjusted for age, BMI, smoking, abstinence time and infections. The hormone outcomes were adjusted for age, BMI, smoking and infections. Tests for linear trends were also performed by general linear models, with exposure specified as a continuous variable. The results for linear trends are not adjusted for potential confounders; however, an adjusted analysis produced essentially unchanged estimates (data not shown).
RESULTS
The characteristics of the 529 adult men from Greenland, Poland and Ukraine are presented in Table 1 . The average age in Greenland, Poland and Ukraine was 31.0, 30.4 and 26.8 years, respectively. The smoking habits differed within the countries, as 73.2% of the Inuit, 29.0% of the Polish and 64.5% of the Ukrainian men were smokers at the time when their wife became pregnant. Urogenital infections were more common in Greenland, where 84.6% of the adult males have had an infection compared to 18.5% in Poland and 8.9% in Ukraine. The difference in whole blood concentrations of mercury was large between the Inuit and European men, respectively with a median concentration of 9.2 ng ml 21 in Greenland (range 0.2-385.8 ng ml
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), 1.0 ng ml 21 in Poland (range 0.2-6.4 ng ml
) and 1.0 ng ml 21 in Ukraine (range 0.2-4.9 ng ml 21 ) ( Table 1) . The semen characteristics, hormone concentrations and the main results are presented in Tables 2-5 Table 1 Characteristics of the study populations
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We found that inhibin B serum levels increased with increasing mercury exposure among the Inuit. The results were borderline significant (P50.048 and P50.054) ( Table 3) . When mercury was defined as a continuous variable, we found that inhibin B was associated with mercury exposure in the Inuit population and in the combined model including all three populations ( Table 5) . Among Greenlandic Inuit, inhibin B concentration significantly increased with 0.074% for every percent increase in mercury (0.074; 95% confidence interval (CI)50.021 to 0.126) and in the combined model the inhibin B level increased with 0.067% for 1% increase in mercury concentration (0.067; 95% CI50.024 to 0.110) ( Table 5) . None of the remaining outcome measures were associated with mercury exposure, even after controlling for covariates ( Tables 2-5) . DISCUSSION This is, to our knowledge, the largest epidemiological study to date regarding hazardous effects of environmental mercury exposure on human semen quality and male reproductive hormones. We found positive associations between blood concentration of mercury and inhibin B serum levels among the Greenlandic Inuit and analyses including men from all three regions, but not in separate analyses of men from Warsaw and Kharkiv, where exposure levels were in average 10-fold lower than in Greenland. Other outcome measures were not related to mercury exposure in any region. High serum concentration of inhibin B is reflecting high Sertoli cell activity and high sperm counts and thus the direction of the association between whole blood mercury and inhibin B is opposite relative to our a priory hypothesis. An in vitro study of immature rat Sertoli Cells showed markedly decreased inhibin B levels after mercury exposure at levels well below those causing cellular toxicity. 48 However, an epidemiological study of reproductive hormones in the low range of exposure levels did not find any association between mercury and inhibin B levels. 27 The diet among Greenlandic Inuit is mainly based on seafood and fish that contain polyunsaturated fatty acids (PUFAs). Authors have reported that levels of omega-3 PUFAs in human sperm are positively correlated with semen characteristics [49] [50] [51] [52] and our positive association between mercury and inhibin B among Greenlandic Inuit may be due to their higher consumption of PUFAs through diet. Alternatively, the association may be a random result emerging from multiple testing. In any case, the present study does not provide support to the hypothesis that environmental exposure to mercury causes adverse effects on human semen characteristics and male reproductive hormones.
In a cohort of spouses to pregnant women, subfertile men are underrepresented and sterile men are not presented at all. This may contribute to an underestimation of the effect, in particular if the effect is strong among vulnerable and marginal among nonvulnerable. However, considering mercury an yes/no type of response is not expected and the time-to-pregnancy design has proved effective in detecting effects of occupational toxic exposures of both men and women. 53 Moreover, our results are supported by other studies that have examined the same association among infertility clients. 24, 25 The participation rate was low in two of the three regions, but since the men had no knowledge about their blood mercury concentration selection bias is not likely. Some individuals may suspect having low semen quality, if the couple or close family members have experienced difficulties in conceiving. It is though unlikely that the majority has knowledge about their semen quality and reproductive hormones. Table 2 Measures for different semen characteristics in relation to whole blood mercury levels in tertiles 
Strengths of the study include a large study population, large exposure contrast within and between countries, quality assurance of semen and mercury analyses, blinding and those data were obtained on both semen characteristics and reproductive hormones.
In in vitro studies, mercury leads to decreased sperm motility, viability, dysfunction and induced DNA breaks in the spermatozoa. [12] [13] [14] [15] Animal studies suggest that mercury affects the male reproductive organs. Mice aged 12 weeks were given mercury at a dose of 4 mg kg 21 for 12 weeks by gavage. The treatment resulted in a decrease in the epididymal sperm number and testicular weight. 18 Impaired spermatogenesis and decreased testosterone levels were observed in 7-week-old rats treated with methylmercuric chloride by subcutaneous injection at a dose of 10 mg kg 21 day 21 for 8 days. 20 Adult monkeys with blood mercury levels around 2000 ng ml 21 , had a decreased sperm motility and sperm swimming speed, and increased abnormal sperm tail morphology. 17 Intraperitoneal mercury exposure at 1 mg kg 21 resulted in adverse effects on fertility among 7-week-old mice. 16 The animals and seminal fluids were exposed to significantly higher concentrations of mercury than observed in the present study. However, decreased testosterone levels were reported in another rat experiment, where the animals had mean blood mercury levels of 30.8 ng per ml 54 and Boujbiha et al. 19 observed oxidative stress and significant variations of the testosterone levels among 3-month-old rats with blood mercury concentrations of 94.3 and 176.5 ng ml 21 . We did not find effects on male reproductive function at levels close to what have produced effects in animal studies (30.8 and 94.3 ng ml 21 ). The prenatal period is more sensitive to mercury exposure when considering other health outcomes, 2,55,56 perhaps this is also valid for reproductive outcomes measured later in life.
Several other papers examining the effect of mercury on human semen quality in similar dose ranges support the lack of association in the present study. Rignell-Hydbom et al. 26 (2007) did not find any association between methylmercury (MeHg) and semen outcomes among Swedish fishermen having blood mercury concentrations between 0.1 and 17 ng ml 21 with median at 2.3 ng ml 21 . Among Asian males with no known cause for infertility, Chia et al. 24 investigated differences between mercury concentrations in men having ,40% motile sperm and those having o40%. They did not find any significant differences between the mercury levels which were 1.8 ng ml 21 vs. 1.9 ng ml 21 in the two groups. Leung et al. 25 found that men from Hong Kong who had blood mercury concentrations o10 ng ml 21 had lower sperm concentration, percentage of morphologically normal sperm and percentage of motile sperm, than men who had blood mercury concentrations less than 10 ng ml 21 . The results were not significant, possibly because of the small sample size in each group (n537 vs. 21). In studies of men with higher exposure levels, Choy et al. 21 found that infertile Asian men had higher blood mercury levels than the control group. The mean mercury level in the infertile group was 8.1 and 6.3 ng ml 21 in the control group. Another study also observed a negative association between seminal fluid mercury concentrations and abnormal semen morphology and motility among 111 men from Hong Kong. The men had a mean blood mercury concentration of 8.3 ng ml 21 , which was almost twice as high as the one in seminal fluid. The overall percentages of motile spermatozoa and sperm concentration were not correlated with blood mercury concentrations. 29 The literature regarding exposure to mercury and male reproductive hormone levels is sparse. In the present study, no significant associations were found between mercury exposure and FSH, LH, Table 3 Male reproductive hormones in relation to whole blood mercury levels in tertiles Environmental mercury exposure, semen quality and reproductive hormones E Mocevic et al 102 FAI, testosterone and LH3testosterone. These findings are supported by others. 25, 27, 28 CONCLUSION Findings of this study do not lend support to the hypothesis that environmental mercury exposure affects male fecundity in terms of semen quality and serum levels of reproductive hormones. A positive association between mercury and inhibin B may be caused by higher levels of PUFAs in diet among Greenlandic Inuit or may be a random finding. From a public health perspective these overall findings are reassuring, even within a highly exposed population as Greenlandic Inuit.
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